MUSCLE testing is a valuable aid to diagnosis in nerve injuries. The aim of muscle and nerve testing should be to obtain a quantitative estimation of the proportion of normal to denervated muscle fibres.
Polarization and allied phenomena play an important part in the passage of electric currents through tissues and on these we depend for the initiation of nerve and musde responses.
When an electric current passes through an electrolyte, it does so by virtue of a migration of ions in opposite directions; these ions have dimensions and masses of the same order as those of atoms and molecules and they are therefore subject to hindrance by mechanical obstructions. Consequently, if a permeable membrane is interposed in the path of a current passing through an electrolyte, ions of opposite polarity will collect on either side of the membrane and exert an E.M.F. which wil have a repelling effect on the oncoming ions of the same polarity ( fig. 1 ). As this back E.M.F. of polarization comes into being as the result of the flow of current, it is clear that it does not exist at the inception of the flow. The initial current will therefore be greater than when the back E.M.F. which opposes it is established.
When an interrupted current of constant E.M.F. is applied by means of non-polarizable electrodes to the body, the skin acts as a polarizable membrane and even though the voltage wave be rectangular in shape, the current wave is not. It assumes the shape shown in fig. 2 (a) . With a circuit affording an external path for depolarization currents, a current in the reverse direction can be detected at break as shown in fig. 2 (b) .
If, on the other hand, the current is controlled by a diode or a pentode valve so as to keep the current of constant value, the E.M.F. across the patient assumes a wave which is not rectangular (fig. 3 ).
Polarization occurring at the level of the skin is of importance in muscle testing because, as can be deduced from the foregoing diagrams, it materially modifies the wave form of the stimulus. In the deeper tissues, polarization also occurs wherever the ions responsible for the transmission of the electrical energy are slowed down and bank up, but this is not of great importance except inasmuch as the E.M.F.s of polarization set up currents in opposite direction at break, and these, when of sufficient intensity, act as a stimulus and produce contractions at break of the current.
From the point of view of excitable tissues, ionic movement in the body is of great moment, because under certain conditions it effects depolarization of naturally polarized tissues.
In nerve fibres at rest, there exists a difference of potential between the axis cylinder and the outer surface of the fibre. The fibre is said to be polarized-positively on the outside, negatively on the inside. Nervous impulses are accompanied by a zone ot depolarization which travels down the fibre with them. Furthermore, artificially produced depolarization will initiate a nervous impulse.
Let us now consider the way in which an electric current applied to the body affects one nerve fibre when the current adopts a path co-axial to the fibre. At the instant when the circuit is closed, two paths are open to the current, a permanent one in the intercellular fluids, and a momentary one along the axis cylinder. The momentary nature of the current passing along the axis cylinder results from the presence of the myelin sheath with its insulating properties.
As can be seen from fig. 5 and the substitution diagram accompanying it, this momentary component of the current tends to depolarize the nerve fibre under the cathode-by neutralizing the positive surface charge-while it increases the polarization under the anode. If this depolarization under the cathode is adequate, a nervous impulse originates and this travels up and down the nerve with the accompanying depolarization wave. The latter may, however, be blocked at the level of the excessive polarization under the anode. In order that a nerve fibre may be stimulated in this manner, certain conditions have to be satisfied. The polarization of a nerve is not comparable to a static charge which, once neutralized, remains neutral. It is on the contrary constantly being regenerated and 462 Proceedings of the Royal Society of Medicine 4 for this reason, both time in regard to duration of flow, and intensity of current become important factors in electrical stimulation. I shall not dwell on the well-known work which Dubois-Reymond, Hoorweg and Weiss did in this connection except to mention that their labours culminated in the intensityduration curve which is the excitability characteristic of a nerve fibre. Fig. 6 is such a curve.
The intensities required to cause a minimal response are measured along the ordinate for durations of flow of current measured along the abscissa. It is immediately evident that a minimum current is required in order to produce any reaction at all and this is termed the rheobase. When the duration of flow is miaterially shortened an additional amount of current must be used which is itself a function of the duration.
This involved sentence can be expressed by the formula:
where I is the current necessary to produce a response, b the rheobase, a a quantity of electricity which when divided by t, the duration of flow, becomes an intensity. Both a and b are constants for a given nerve or muscle and it was found that the ratio a was itself a constant characteristic of its excitability. It will be seen later that this b is the chronaxy and is indeed a time factor. To measure the rheobase b it is merely necessary to find the current required for a minimal response when the duration is of the order of a second. This makes t large and therefore a becomes negligible in the equation, and I then equals b. Having found the t value of b, if we now find the time during which the current has to flow when the current used is 2 b our equation becomes In other words we find that when we use a current double the rheobase the duration of flow required for a minimal response is the ratio b or chronaxy. The latter is expediently expressed in milliseconds. As a general rule, condenser discharges are employed in order to obtain the short durations necessary for chronaximetry. With this method the current wave follows an exponential law (fig. 7a ). The apparatus which I designed and employ gives rectangular current waves ( fig. 7b ).
In this machine the current which passes through the patient is controlled by a pentode valve which has the advantage of making the wave-producing circuit independent of variations in the load, while the current output is unaffected by polarization in the patient or Section of Physica7 Medicine 463 by his resistance. Whether this has advantages over condenser discharges is debatable. It certainly allows one to ignore a number of inconstant factors. At the same time it should be remembered that the E.M.F. set up across the electrodes is not built up instantaneously. This may explain why French authorities working with ballistic or other rheotomes did not obtain results fully comparable with those obtained with condenser discharges. The intensity-duration curve is the characteristic of excitability of one nerve fibre or muscle fibre, for in all work on electrodiagnosis it is essential to accept the unit concerned in this investigation as consisting of one nerve fibre and the few muscle fibres it supplies. The anatomical nerve and muscle is merely a complex consisting of a large number of such units grouped to perform a specialized mechanical function.
Referring again to fig. 6 , which represents two widely different intensity-duration curves, .a might be that of a normal muscle fibre and b might well be that of a fully denervated fibre. It follows that when a motor nerve is completely severed, each individual muscle fibre supplied by it will pass from a normal condition expressed by the characteristic -r -> curve a to the abnormal condition characterized by curve b and will do so by way of a number of intermediate stages. As nerve fibres are of different lengths, it is doubtful whether analogous conditions obtain throughout the muscle at any one time during the transitional period. From a practical point of view, in case of complete anatomical or physiological interruption of nerve supply, the chronaxy soon passes from its normal value for the muscle under consideration to that corresponding to reaction of complete degeneration, which may be 100 times greater. The well-known absence of reaction to faradic stimulation and typical qualitative alterations in the response to galvanic stimulation which accompany this are too well known and too well understood to require reiteration here.
In the circumstances just described where homogeneity exists, interpretation presents no difficulty. The picture is entirely different when an incomplete nerve lesion is investigated.
For instance, when partial motor nerve injury occurs, after an interval the muscle supplied by it consists of a number of normal fibres interspersed with denervated fibres, ,each with its own characteristic excitability curve. To grasp the full meaning of the reaction to electrical stimulation of such a complex organ, we must realize that every ratio of the -two types of fibres can occur and that as one increases the other decreases. To make this 464 Proceedinys of the Royal Society of Medicine 6 point clear, I have drawn a number of hypothetical curves representing various possibilities ranging from 100% normal to 100% denervated with four intermediate stages ( fig. 8 ).
Line A represents the intensity-duration curve when the muscle consists of normal fibres only. (The rheobase is 2 ma. and the chronaxy-,,-7,0".) Line B represents the intensity-duration curve of the 80% normal fibres. It will be noticed that the rheobase has of necessity riseni to 4 ma., but that this has in no way altered the chronaxy, which is still ' But with this 80% normal fibres there are mixed 20% fibres which have a completely degenerated nerve supply. The curve which these fibres with their increased chronaxy contribute to the picture is represented by the dotted line Bi. The full lines C, D, E and the dotted lines Cl, D', El represent conditions where 60%, 40% and 20% normal fibres are mixed with 40%, 60% and 80% denervated fibres respectively.
Line F might be the intensity-duration curve of the muscle when it consists of 100% denervated muscle fibres. It will once more be noted that although the rheobase varies, the chronaxy is either that of the normal fibre 81. " or that of a completely denervated fibre ± -' ".-How is it then that intermediate measurements alleged to be the chronaxy are obtained in partial lesions? For the answer to this question we must see how chronaximetry is affected by two corresponding curves. It is evident that when we are dealing with 100% normal or 100% denervated fibres, we obtain true chronaxy measurements. With curves representing 80% normal and 20% denervated fibres we shall obtain a normal chronaxy because we are in this case measuring the rheobase and chronaxy of the same fibres. The same applies in regard to 60% normal and 40% denervated fibres. But where we are dealing with 40% normal with 60% denervated fibres, the rheobase measurement is that of the denervated muscle fibres which is the lower of the two (7 ma. as compared with 8). When we estimate the minimal duration which will give a response with double this rheobase (14 ma.) we find we are stimulating the normal fibres and obtain a reading which is greater than the normal but which cannot be said to be the chronaxy of the muscle, as is held by followers of Lapicque and Bourguignon.
The same applies to an even greater extent in the condition existing where 20% normal fibres co-exist with 80% denervated fibres; the pseudo-chronaxy here being about I,".
It is of interest to note that out of all the curves I used to illustrate my point only two give intermediate readings. Admittedly these curves are imaginary but they serve in a measure to explain why such readings are uncommon except where degeneration or regeneration is in progress when a large proportion of the actual chronaxies of the muscle fibres 7 Section of Physical Medicine are in a state of flux. It also shows how chronaximetry if taken at its face value can be misleading.
Other quantitative methods of assessing the extent of a nerve lesion from electrical exploration of the muscles have been attempted and mention should be made of that utilizing the discharge of condensers of various capacities charged to a constant potential. In skilled hands and with the full appreciation of its pitfalls this technique may be of value. However, the impedance through which a condenser discharges varies the rate of discharge or current, and also the duration of the discharge. Since the body with its variations of resistance at the level of the skin and of conductivity in the deeper tissues is anything but a constant as an electrical load, it follows that this becomes a way of making a rough estimation only. If we examine closely the shape of a condenser discharge such as is represented by fig. 9 we at once note that a current with such characteristics is capable of stimulating nerves and muscles with widely different requirements as regards intensity and duration. The hypothetical curve under consideration would stimulate muscles requiring 40 ma. for T3O' 23 ma. for 1 ", 10 ma. for 2n" or 3 ma. for 8 ", With rectangular waves, this objection no longer holds, and the solution to the problem may well be in the employment of such waves. I do not suggest that a whole intensityduration curve should be plotted for each muscle investigated, but that three points be selected, one corresponding to about 1010 ,,that is of the order of that of faradic currents -another of a duration of approximately Tf'' and an intermediate one. The relationship of currents required to obtain a minimal response with these three time values should give a better idea of the condition of the nerve than chronaximetry. For comparison's 466 Proceedings of the Royal Society of Medicine & sake it would be expedient to reduce the rheobase to unity. For example, if the readings obtained were: 2 ma. for 1" duration 4 ma. for 1 " duration 100 8 ma. for 1 " duration 1000 then taking 2 ma. as the rheobase, the readings would have to be recorded as 1 -2 -4, or even 2 -4 since the first figure would invariably be unity. This would not be so far removed from the classical method of testing with faradic and galvanic currents with which only two points on the curves are explored, one of which -that corresponding to the duration of the faradic impulse-is not easily measurable.
The correct technique of muscle testing is of importance, particularly the inclusion of a test of nerve conduction wherever possible, both with faradic and galvanic impulses. The ulnar nerve and median nerve can be stimulated at the level of the elbow and the wrist; the external and internal popliteal nerves at the level of the knee-joint; the posterior tibial nerve behind the internal malleolus. In brachial plexus injuries, useful nformation may be gleaned from stimulation of the upper trunk of the plexus which is. easily found in the supraclavicular fossa. The middle trunk is not so easily stimulated. So far, I have only dealt with problems relating to a single exploration, which is really of no more value than the isolated reading of a thermometer. Far more information can be gathered from a chart. This is equally true of muscle testing. If one had the opportunity of examining the patient carefully every two or three days for three weeks following the injury, the rate at which alteration in responses to electrical stimulation occur would constitute valuable data. Unfortunately we are too often faced with old-standing cases-in which it is difficult to obtain even a galvanic response without stimulating the surrounding normal muscles, and in which exact muscle testing is sheer waste of time. In many ways the same applies to the continued muscle testing where reaction of complete degeneration has existed for some considerable time; for if complete anatomical or physiological interruption has occurred and regeneration has yet to occur, the voluntary control will return before measurable changes can be assessed electriGally.
Here I wish to make a qualifying statement as regards nerve stimulation for I have often been able to demonstrate a muscle response by stimulating the nerve trunk with currents 9 Section of Physical Medicine 467of long duration, where the muscles themselves still exhibited reaction of complete degeneration and chronaxies corresponding to complete degeneration. My theory is that this can be explained by assuming that the young axon grows down a very imperfect sheath wherein the normal polarization of the nerve fibres is defective or non-existent. In such a case it would be impossible to stimulate the unpolarized nervefibres below the site of the lesion with currents of short duration, although conduction might be possible along the axon. In fact we would have absence of excitability of the nerve in the presence of conduction. A somewhat similar state of affairs appears to exist in the muscles themselves. The regenerating nerve fibres are not excitable and therefore responses are obtained only by direct stimulation of muscle fibres with currents of long duration. It is, however, notable that in normal muscle it is possible to excite the muscle fibres directly by using, as Lapicque pointed out, currents which instead of reaching their maximum value instantaneously, do so gradually. Retardation of onset can be brought about by connecting condensers in parallel with the electrodes used on the subject. The E.M.F. across the condensers and electrodes will rise at make and fall at break according to a curve shown in fig. 10 fig. 10 (b) is obtained. In both cases, however, the currents are greatly affected by the resistance of the patient.
When a progressive current such as the one described is applied longitudinally to a normal muscle there is a considerable discrepancy between the current required to stimulate the muscle with this and with a rectangular wave, the ratio being of the order 1 :4 whereas in denervated muscles, the ratio is of the order 1: 1-5 or 1:1.
It is difficult to explain such a lowering of the threshold to progressive currents without postulating that changes in the excitability of the muscle fibres themselves occur when the axons degenerate. Indeed it would appear that the fibres regress to an excitable state similar to that of unstriped muscle. Such an alteration would account for a number of otherwise perplexing facts such as the sluggish response sometimes obtained when the nerve trunk or the motor point is stimulated with faradic impulses, and the persistence of enormous chronaxies long after apparently total functional recovery.
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To epitomize; we have at our disposal five methods of exploring the extent of nerve damage.
(1) The classical method in which nerve trunks, motor points and the muscle itself are stimulated in turn by faradic and galvanic currents. Simplicity of apparatus and of technique commend it. Unfortunately the faradic current cannot be measured. The galvanic current can be measured but the values are of little significance. Of greater value are the qualitative features of the responses obtained. It must be remembered that this response may be the resultant of two contractions when the muscle tested consists of mixed fibres normal and denervated. The former will account for the brisk component at make, the latter for the sluggish contraction which gives the impression of slow relaxation. Naturally the ratio of the two types of fibres will determine the overall response. Fig. 11 shows how the integration of a normal muscle response and a sluggish one gives a response with a brisk inception and slow relaxation. Where pain makes it impossible to use currents of sufficiently high intensity to be conclusive, an anaesthetic may be resorted to.
(2) Chronaximetry is exact only when all nerve fibres undergo degeneration or regeneration at the same rate and where homogeneity exists. It fails to reveal the presence of normal fibres. This is particularly the case when rectangular wave impulses are used although it may do so when exponential condenser discharges are used.
(3) The Cluzet method, which was also adopted by Lewis Jones, is almost certain to detect normal fibres, since condensers are charged to a definite potential and strong impulses of short duration are always started with. But here the shape of the stimulating current curve is dependent on unpredictable factors such as skin resistance, cedema, &c.
Moreover there is, as pointed out before, the possibility of stimulating various fibres simultaneously with exponential stimuli.
(4) Plotting an intensity-duration curve, employing rectangular waves. This technique would be most tedious and nearly as much information can be reaped from a curve plotted from three points representing three different durations-the base line being reduced to unity.
(5) By mceans of modulated cturrents. To stimulate a nerve the onset of the current must have a steeper gradient than to stimulate muscle particularly denervated muscle, and the ratio of the current required to stimulate a muscle with rectangular waves to that required to stimulate it with a progressive current bears a relation to the state of the muiscle and nerve.
The investigation may be carried out with a bipolar or longitudinal application of electrodes.
Each method has its advantages in certain circumstances. The faradic current will reveal the presence of normal muscle fibre except where considerable cedema is present, while the progressive currents will pick out denervated fibres. Chronaximetry, by detecting earlv return towards shortened chronaxies may point to concussion of the nerve as opposed to more severe damage. Galvanic stimulation of the nerve trunk may indicate recovery before voluntary control has returned. With regard to the value of artificially produced muscle exercise in paralysis, on the assumption that function improves the organ, I believe in electrical stimulation of paralysed muscles, for although it does not prevent atrophy, circulation and nutrition are improved. To be effective and non-injurious it is important to use a technique which will not produce contractions in normal muscles surrounding and opposing the paralysed ones. Fatigue must be avoided bv allowing long pauses of rest between contractions which should be few in number. If the blood supply is inadequate this treatment may have to be withheld. Where interrupted galvanic currents produce contraction of antagonistic muscle groups, the progressive currents or modulated direct current should be used.
